A three-dimensional, nonperturbative, semiclassical analytic model of vibrational energy transfer in collisions between a rotating diatomic molecule and an atom, and between two rotating diatomic molecules (Forced Harmonic Oscillator-Free Rotation model) has been extended to incorporate rotational relaxation and coupling between vibrational, translational, and rotational energy transfer. The model is based on analysis of semiclassical trajectories of rotating molecules interacting by a repulsive exponential atom-to-atom potential. The model predictions are compared with the results of three-dimensional close-coupled semiclassical trajectory calculations using the same potential energy surface. The comparison demonstrates good agreement between analytic and numerical probabilities of rotational and vibrational energy transfer processes, over a wide range of total collision energies, rotational energies, and impact parameter. The model predicts probabilities of single-quantum and multi-quantum vibrational-rotational transitions and is applicable up to very high collision energies and quantum numbers. Closed-form analytic expressions for these transition probabilities lend themselves to straightforward incorporation into DSMC nonequilibrium flow codes. C 2014 AIP Publishing LLC.
I. INTRODUCTION
Vibrational energy transfer processes in collisions of diatomic molecules play an important role in gas discharges, molecular lasers, plasma chemical reactors, and high enthalpy gas dynamic flows. In these nonequilibrium environments, energy loading per molecule may be up to several eV, while disequipartition among translational, rotational, vibrational, and electronic energy modes of heavy species, and with the free electron energy, may be very strong. This results in development and maintaining of strongly nonequilibrium molecular vibrational energy distributions, which induce a wide range of energy transfer processes among different energy modes and species, chemical reactions, and ionization. [1] [2] [3] [4] The rates of these processes are strongly dependent on populations of high vibrational levels of molecules, which at high temperatures are controlled primarily by vibration-rotation-translation (V-R-T) energy transfer,
where AB and M represent a diatomic molecule and a collision partner (another molecule or an atom), respectively, v and w are vibrational quantum numbers, and j 1 and j 2 are rotational quantum numbers. State-specific rates of vibrational relaxation processes, over a wide range of temperatures and vibrational quantum numbers, are needed for numerous nonequilibrium flow applications, such as radiation prediction in aerospace propulsion flows, in high altitude rocket plumes, and behind strong shock waves. For a number of diatomic species, such as H 2 , N 2 , and O 2 , vibrational relaxation 046102-2 Igor V. Adamovich Phys. Fluids 26, 046102 (2014) rates have been predicted by semiclassical and quasiclassical trajectory calculations, using analytic atom-to-atom and ab initio potential energy surfaces. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Recently, extensive databases incorporating state-specific V-R-T energy transfer and dissociation rate coefficients for N 2 -N have also been developed using quasiclassical trajectory calculations for ab initio potential energy surfaces. [18] [19] [20] [21] [22] [23] [24] These databases have been used for modeling of nitrogen excitation and dissociation behind strong normal shocks, in nonequilibrium nozzle flows, and in hypersonic flows over a cylinder. [25] [26] [27] [28] Development of a comprehensive, complementary ab initio database for N 2 -N 2 collisions remains an open challenge. These databases also make possible thorough validation of analytic, physicsbased, models of vibrational and rotational energy transfer, which provide insight into the energy transfer mechanism and lend themselves to being incorporated into existing nonequilibrium flow codes.
State-specific V-T, V-V, and molecular dissociation rates in three-dimensional atom-molecule and molecule-molecule collisions have been predicted analytically, using a nonperturbative Forced Harmonic Oscillator-Free Rotation (FHO-FR) energy transfer model. [29] [30] [31] V-T and V-V transition probabilities predicted by the analytic FHO-FR model are in very good agreement with numerical trajectory calculations over a wide range of collision energies, for the same intermolecular interaction potential. The FHO-FR model also reproduces the dependence of transition probabilities on individual collision parameters such as rotational energy, impact parameter, and collision reduced mass. Finally, the model equally well predicts probabilities of single-quantum and multi-quantum transitions, up to very high collision energies and quantum numbers. Although the FHO-FR model does include the effect of rotational motion of molecules during the collision on vibrational energy probabilities, the assumption of free rotation does not allow predicting rotational energy transfer. This limitation is critical for modeling of molecular dissociation from high vibrational levels, since rotational energy may well have a significant effect on overcoming the dissociation energy threshold.
The main objective of the present work is expanding the FHO-FR model to include rotational relaxation and coupling between vibrational, translational, and rotational energy transfer. The resultant set of closed-form, analytic V-R-T transition probabilities in atom-atom, and molecule-atom collisions can be readily incorporated into state-specific DSMC flow codes, such as have been developed recently. 28, 32, 33 
II. R-T AND V-R-T ENERGY TRANSFER MODELS
In the FHO-FR model, dynamics of collisions between a rotating symmetric diatomic molecule and an atom, or collisions between two rotating diatomic molecules, was analyzed assuming that the rotational motion was not affected by the collision. Thus, the only effect of rotation on the collision trajectory in the FHO-FR model is the periodic modulation of the repulsive, exponential, atom-toatom interaction potential. As demonstrated in Ref. 29 , this modulation makes the time-dependent interaction more sudden, thus considerably increasing vibrational energy transfer probabilities. The assumption of free rotation is similar to the basic premise of the semiclassical approach, which decouples the classical translational-rotational trajectory during a collision from the vibrational motion of the oscillator, which is treated quantum mechanically. Combining this approach with the exact solution of the Schrodinger equation predicting probabilities of vibration-translation (V-T) and vibration-vibration (V-V) energy transfer in a forced harmonic oscillator, valid for arbitrary values of initial and final vibrational quantum numbers, 29, 30 and using frequency correction to account for anharmonicity, yields closed-form analytic expressions for V-T and V-V probabilities in three-dimensional atom-molecule and molecule-molecules collisions. These probabilities are in very good agreement with "exact" close-coupled semiclassical trajectory calculations for N 2 -N 2 , for the same intermolecular potential, over a wide range of collision energies (temperatures) and vibrational quantum numbers. 29, 30 Also, it has been shown that FHO-FR model accurately reproduces the dependence of the numerical V-T probabilities on the rotational energies of the molecules. This demonstrates that modulation of the interaction potential by rotation is indeed the dominant effect of rotational motion on vibrational energy transfer (producing strong "R → V-T" coupling). The assumption of free rotation used by the FHO-FR model, which does not have a significant effect on the V-T and V-V rates, is no longer sufficient if rotational energy transfer during a collision also needs to be predicted. High-energy collisions of strongly vibrationally excited molecules, when a significant fraction of the total collision energy is transferred to the rotational energy mode (producing strong "V-T → R" coupling), are of particular interest since they may affect the rate of molecular dissociation. Basically, these collisions may result in strong contribution of centrifugal forces to dissociation.
Incorporating rotational energy transfer into the semiclassical FHO theory requires an analytic solution for the classical vibrational-rotational trajectory in three-dimensional collisions of an atom and a molecule, or in collisions of two diatomic molecules. A previous semiclassical trajectory calculation study of rotational relaxation of N 2 in collisions with Ar 34 pointed out the existence of an approximate "stochastic" analytic solution for the rotational transition probabilities:
where j 0 and j are the initial and the final rotational quantum numbers. In Eq. (2), S is an integral over the collision trajectory, which depends on the total collision energy, rotational energy of the molecule, impact parameter, and the direction of the angular momentum vector. In Ref. 34 , S was evaluated numerically, based on an approximate analytic solution for the center-of-mass distance during the collision. The results suggested that the distribution of probabilities predicted by Eq. (2) may be fairly accurate in the limit of weak coupling, i.e., at large impact parameters. The possibility of evaluating the entire set of rotational transition probabilities in terms of a single integral parameter of the trajectory is very attractive, although obtaining a general analytic solution for the trajectory, for a realistic intermolecular potential, appears to be an intractable problem.
Further analysis done in the present work shows that for the intermolecular potential dominated by steep repulsion, such as U(R) ∼ A exp(−αR), where the spatial scale for the potential energy change, 1/α, is much less than the distance of closest approach, 1/α R 0 , the trajectory integral S in Eq. (2) scales proportionally to the "effective kinetic energy" of collision, i.e., the energy of relative translational motion in the radial direction near the "maximum interaction point," where U(R 0 ) reaches maximum, 29, 30 as follows:
In Eq. (3), E t is the total collision energy, b is the impact parameter, ξ = 1 and ξ = 5/6 for atom-molecule and molecule-molecule, respectively. The lower value of ξ for molecule-molecule collisions is due to energy storage in the rotation of the "projectile" molecule, such that a smaller fraction of total collision energy is available for the translational motion. As will be shown below, this simple correction is sufficient to account for the rotational motion of the "projectile" molecule on rotational energy transfer in the "target" molecule, for a wide range of conditions. Energy and angular momentum conservation impose the following constraints on the final value of the rotational quantum number after collision,
where E k0 , E k , E r0 , and E r are the initial and the final values of the kinetic (translational) and the rotational energy of the "target" molecule.
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After averaging the square of the rotational energy transferred, predicted by Eqs. (2)- (4), over impact parameter and rotational quantum numbers,
the maximum value of the trajectory integral in Eq. (3), S max , can be related to the root-mean-square (RMS) average rotational energy transferred in a collision:
Thus, the rotational energy transfer probability distribution over the final rotational quantum numbers is determined by a single parameter, RMS average rotational energy transfer, i.e., by the rotational relaxation time. 35 Note that the expressions for S and E r RMS do not contain explicitly the repulsive exponential potential parameter, α. Basically, since 1/α R 0 , rotational energy transfer can be assumed to occur in hard sphere collisions. Finally, to account for detailed balance between the forward and the reverse processes,
, the expressions for S in the transition probabilities need to be "symmetrized" over the initial and the final rotational quantum states,
Note that symmetrization affects normalization of the rotational transition probabilities given by Eq. (2a), and they need to be renormalized to ensure that 
In the first approximation, a semiclassical V-R-T transition probability in atom-molecule collisions can be expressed as a product of V-T and R-T probabilities, as follows:
In Eq. (8) 
In Eq. (9), Q is the average number of vibrational quanta transferred per collision (a trajectory integral), calculated using an approximate analytic trajectory for collisions of freely rotating molecules,
In Eqs. (10) and (11), ω =
, m is the collision reduced mass,Ē r = B j 1 j 2 is the symmetrized rotational energy, u = √ 2E t /m, and ϑ, ϕ are the rotation phase angles at the closest approach point. 29 Although it is desirable to average the trajectory integral, Q, in Eqs. (10) and (11) over the randomly distributed rotation phase angles, 0 ≤ ϑ ≤ π and 0 ≤ ϕ ≤ π /2, it is challenging to do this analytically with sufficient accuracy, e.g., by expanding it in series near its maximum value, achieved atĒ r /E t = 0.2, b/R 0 = 0, ϑ = 3π /4, and ϕ = 0. 29 This difficulty occurs because V-T transition probabilities actually decrease at high values of Q, as can be seen from Eq. (9) . Therefore, at high total collision energies (i.e., high u values in Eq. (10)), collisions with low values of γ , which correspond to high rotational energies (Ē r /E t ∼ 1), large impact parameters (b/R 0 ∼ 1), and rotation in a plane nearly perpendicular to the velocity vector (ϕ ∼ π/2) provide the dominant contribution to V-T relaxation. As demonstrated in Ref. 29 , this effect causes complete breakdown of the one-dimensional FHO V-T energy transfer model at high energies, compared to the three-dimensional collision FHO-FR model.
In molecule-molecule collisions, parameter γ in Eq. (11) is calculated taking into account the effect of rotation of both molecules on the collision trajectory, and thus on vibrational energy transfer probabilities,
In the present work, the projectile molecule was assumed to remain in vibrational level v = w = 0, 30 and vibrational-rotational transitions in the projectile molecule were not evaluated explicitly. However, the present approach can be easily extended to predict probabilities of simultaneous VRT transitions in both molecules,
Thus, V-R-T transition probabilities are expressed in terms of two trajectory integrals, S and Q, given by Eq. (3a) and Eqs. (10)-(11a), respectively, each one of them being a function of total collision energy, rotational energy, and impact parameter. Note that V-T/R-T factorization used in Eq. (8) does not fully account for V-R-T coupling since V-T probabilities in it are still calculated for free-rotating molecules, and is therefore only a first-order approximation.
III. COMPARISON WITH TRAJECTORY CALCULATIONS
To assess the accuracy of the simple analytic solution for the rotational transition probabilities given by Eqs. (2a), (3a), and (4), the model predictions have been compared with the results of semiclassical trajectory calculations (a) between a nitrogen molecule and an atom of the same mass (spherical nitrogen) and (b) between two nitrogen molecules, using trajectory calculation codes ADIAV and DIDIEX developed by Billing. 36, 37 In both cases, the exponential repulsive interaction potential used was the same as in previous work predicting FHO-FR vibrational energy transfer rates in atom-molecule and molecule-molecule collisions. 29, 30 The maximum impact parameter used in the numerical calculations was R = 2.5 A. In the calculations, the total collision energy, E t , was kept constant, while rotational and orbital angular momenta, as well as initial orientation of the collision partners, were selected randomly, for 10 4 -10 5 trajectories. Figure 1 compares transition probabilities in atom-molecule collisions for three different impact parameters, as well as averaged over the impact parameter, 0 ≤ b ≤ R 0 . It can be seen that the analytic model reproduces the probability distribution over the final rotational quantum numbers quite well, although it underpredicts the probability for small changes in the rotational quantum number, j-j 0 . (E r /E t = 3). Basically, the trajectory calculations demonstrate that, as expected, rapidly rotating molecules with low translational energies behave as nearly isotropic particles (near "breathing spheres"), which makes rotational energy transfer very inefficient, such that the transition probability drops rapidly with j = j 0 − j. For these trajectories, the approximate analytic expression for the trajectory integral S, given by Eq. (3a), becomes less accurate (see Fig. 2(d) ). Figure 3 compares the transition probabilities averaged over the impact parameter and initial rotational quantum numbers (assumed to be distributed randomly between j 0 = 0 and j 0,max ),
for different values of the total collision energy. Again, it is apparent that the analytic model prediction for the rotational energy transfer probability distribution over j = j 0 − j is in good agreement with the results of the trajectory calculations, over a wide range of total collision energies, E t = 10 3 -10 5 cm −1 (E t ≈ 0.12-12.0 eV). A closer look shows that at high collision energies, the analytic model underpredicts the average probability for the molecule to remain on the same rotational level, such that j = j 0 − j = 0, and overpredicts average probabilities of transitions with j = 0. Further analysis shows that this occurs due to the contribution of molecules with high initial rotational energies (high j 0 values), i.e., low translational energies, E k = E t − E r0 , for which the analytic model predictions are less accurate (see Fig. 2(d) ). Finally, the "pointed arch" shaped probability distributions plotted in Fig. 3 demonstrate that the use of linear or Gaussian scaling for rotational energy transfer prob- 2 , would be simplistic and is not justified. Basically, for initially rapidly rotating molecules (high j 0 ), the "spread" over the final rotational quantum numbers is much narrower compared to the molecules with lower initial rotational energies (e.g., compare Figs. 2(c) and 2(d)), which produces the pointed arch shape of P( j) distributions shown in Fig. 3 .
Figures 4 and 5 compare the rotational transition probabilities in molecule-molecule collisions, for different initial rotation energies (Fig. 4) , and different total collision energies (Fig. 5) , showing trends similar to the ones for atom-molecule collisions. These plots demonstrate that the effect of rotation of the "projectile" molecule on rotational energy transfer in the "target" molecule is accounted for by reducing the total collision energy available for the translational motion (by a parameter ξ in Eq. (3a) ). This also shows that, in the first approximation, the probabilities for simultaneous rotational energy transfer in both collision partners can be factorized as follows, Fig. 6 , have been corrected for the variation of the closest approach distance (i.e., total collision cross section) with the total collision energy, given by Eq. (7), such that E r RMS predicted by the analytic model (see Eq. (5)) slightly decreases with the collision energy,
in good agreement with the trajectory calculations. Summarizing, the results shown in Figs. 1-6 demonstrate that the present analytic model of rotational energy transfer is in good agreement with atom-molecule and molecule-molecule trajectory calculations, reproducing accurately the dependence of state-specific rotational energy transfer probabilities on the change of rotational quantum number during collision ( j − j 0 ), impact parameter, initial rotational energy (E r0 = Bj 0 2 ), and total collision energy (E t ).
RMS average rotational energy transferred per collision, E r RMS , can be related to the rotational relaxation collision number, Z rot , as follows: 1
In Eq. (14), η and τ rot are dynamic viscosity and rotational relaxation time, respectively, 
both values nearly independent of temperature. These results are in good agreement with the present trajectory calculations, which predict Z M−M rot ≈ 10 ≈ const for the repulsive exponential potential used, in the range of T = 300-5000 K (see Fig. 7 ). DIDIEX for a purely repulsive exponential potential with α = 4.0 A −1 29, 30 and for an attractiverepulsive potential. 10 It can be seen that the effect of molecular attraction, which may considerably reduce the collision number, is significant only at fairly low temperatures, below T ∼ 1000 K. Figure 7 also plots the rotational collision number predicted by molecular dynamics (MD) 38 calculations, using a more accurate Lennard-Jones potential energy surface. One can see that Z rot predicted by MD calculations is ∼30% lower than the values predicted by the semiclassical code using the potential from Ref. 10 , although both models exhibit the same trend for Z rot to level off at high temperatures, when the effect of attractive forces becomes insignificant.
To estimate the sensitivity of the rotational collision number to the uncertainty in the repulsive exponential potential parameter α, Fig. 8 The results of these calculations show that varying the potential parameter primarily affects the viscosity, while the RMS rotational energy transfer per collision remains nearly constant over a wide range of repulsive intermolecular potentials. As a result, the collision number decreases as α increases and the potential approaches the hard spheres potential, approaching the asymptotic value of Z rot ≈ 4. Thus, lower values of Z rot predicted in Ref. 37 are likely due to a stiffer repulsive potential (i.e., larger effective value of α) used. Finally, Fig. 8 illustrates that rotational energy transfer at high temperatures is indeed almost insensitive to the intermolecular potential, as long as 1/α R 0 , in good agreement with the present analytic model, E The present rotational relaxation model reproduces the effect of rotational-translational nonequilibrium on rotational relaxation time, discussed in detail in Ref. 39 . Figure 9 plots the average squared rotational energy transferred in atom-molecule collisions, E 2 r , at the conditions when the ratio of the initial rotational energy to the total collision energy, E r0 /E t , is fixed, normalized on its value in equilibrium, E 2 r eq , i.e., when the initial rotational energy is randomly distributed between 0 and E t , at E t = 10 3 cm −1 . The results are shown both for the analytic model and for trajectory calculations. From Fig. 9 , it can be seen that E 2 r in collisions of non-rotating molecules (E r0 /E t = 0) is significantly higher than the equilibrium value, by about a factor of two. On the other hand, E
Average squared rotational energy transferred in atom-molecule collisions, normalized on its value in equilibrium, vs. ratio of the initial rotational energy to the total collision energy, E r0 /E t . E t = 10 3 cm −1 .
in collisions of rapidly rotating molecules (E r0 /E t → 1) is much lower compared to the equilibrium value, as expected based on the results of Fig. 2 . Since the rotational relaxation time is inversely proportional to E 2 r (see Eq. (16)), τ rot in collisions of initially non-rotating molecules will be shorter than near rotational equilibrium, by approximately a factor of two at this collision energy, and τ rot in collisions of rapidly rotating molecules will be significantly longer, consistent with the predictions of the molecular dynamics model of Ref. 39 . Figure 10 compares V-R-T transition probabilities in atom-molecule collisions, averaged over the impact parameter and initial rotational quantum numbers (assumed to be distributed randomly between j 0 = 0 and j 0,max , as has been done for purely rotational relaxation in Fig. 3) ,
for different values of the total collision energy. The plots shown in Fig. 10 are for vibrational transitions for v = w-v = 0-3, i.e., from v = 0 to w = 0-3. Once again, the analytic model prediction for the V-R-T probability distribution over j = j 0 − j is in good agreement with the results of the trajectory calculations, over a wide range of total collision energies, E t = 10 3 -10 5 cm
(E t ≈ 0.12-12.0 eV). In Figure 10 , significant separation between the distributions of V-R-T probabilities over the rotational quantum number change at E t < 10 5 cm −1 is due to V-T probabilities in this range of total collision energies being very low,
. Note that the "pointed arch" distribution observed for purely rotational relaxation, P( v = 0, j 1 → w = 0, j 2 ), is not duplicated for V-R-T relaxation processes, P( v = 0, j 1 → w = 1-3, j 2 ), in the collision energy range E t ∼ 10 3 − 3 × 10 4 cm −1 (see Fig. 10) . A more detailed analysis shows that this effect is due to contribution of molecules with very high initial rotational energies ( j 0 values), i.e., near "breathing spheres", for which V-T probabilities are significantly lower than for moderately rotating molecules, due to absence of strong modulation of the interaction potential by rotational motion. 29, 30 At a high collision energy, E t = 10 5 cm −1 , this effect is no longer very pronounced, and distributions over j = j 0 − j become more similar, for both pure R-T and V-R-T relaxation processes. The difference in shape between analytic and trajectory V-R-T probability distributions over j for v = 1-3 at E t = 3 × 
, since both purely R-T analytic probabilities, obtained in the present work, and "free rotation" V-T analytic probabilities, predicted in Ref. 29 , are in very good agreement with trajectory calculations. Figure 11 plots V-R-T transition probabilities in molecule-molecule collisions, averaged over the impact parameter and initial rotational quantum numbers of the target molecule, as given by Eq. (18), as well as over initial and final rotational quantum numbers of the projectile molecule, as given by Eq. (11a). Figure 11 shows the results obtained only for three values of total collision energy, E t = 10 4 , 3 × 10 4 , and 10 5 cm −1 , since extensive trajectory calculations for moleculemolecule collisions necessary to accumulate sufficient statistics for individual vibrational-rotational transitions (10 5 trajectories in Fig. 11 ) are computationally expensive, especially at low collision energies. From Fig. 11 , it can be seen that the difference between analytic and trajectory V-R-T probability distributions over j for v = 1-3 at E t = 3 × 10 4 cm −1 , also apparent from Fig. 10 , becomes more pronounced. Also, at E t = 10 5 cm −1 it is clear that the present model overestimates rotational energy transfer probabilities for v = 0 and underestimates them for v = 3, although V-T probabilities for transitions v = 0-3 (summed over the rotational quantum numbers) at this energy are predicted quite accurately, within ∼30%. More detailed analysis shows that this effect is due to contribution of rotational energy transfer in the "projectile" molecule to the vibrational excitation of the "target" molecule at high collision energies, which so far has not been accounted for in the present model. Figure 12 compares V-T transition probabilities in atom-molecule collisions (i.e., V-R-T probabilities for v = 0-3 plotted in Fig. 10 , averaged over the impact parameter as well as over initial and final rotational quantum numbers),
vs. total collision energy. As expected, the agreement between the analytic model and the trajectory calculations is quite good, over a wide range of total collision energies, E t = 10 3 -10 6 cm −1 . Again, the difference between the analytic and numerical probabilities is due to V-R-T probability factorization in Eq. (8), i.e., not accounting for full coupling between rotational and vibrational modes. As can be seen from 
IV. SUMMARY
A three-dimensional semiclassical analytic model of vibrational energy transfer in collisions between a rotating diatomic molecule and an atom, and between two rotating diatomic molecules (Forced Harmonic Oscillator-Free Rotation model), has been extended to incorporate rotational relaxation and coupling between vibrational, translational, and rotational energy transfer. The model is based on analysis of classical trajectories of rotating molecules interacting by a repulsive exponential atom-to-atom potential. The model predictions are compared with the results of three-dimensional close-coupled semiclassical trajectory calculations using the same potential energy surface. The comparison demonstrates good agreement between analytic and numerical probabilities of rotational and vibrational energy transfer processes, over a wide range of total collision energies, rotational energies, and impact parameter. Specifically, rotational relaxation time (RMS average rotational energy transferred) predicted by the present model is within 10%-20% of trajectory calculation results for the same interaction potential, and individual R-T relaxation probabilities are typically within 50%-100% of the trajectory calculation results, except for collisions of very rapidly rotating molecules. For V-R-T relaxation probabilities, the difference between the present model predictions and the trajectory calculations is within a factor of 2 for atom-molecule collisions and up to about a factor of 3 for multi-quantum transitions in molecule-molecule collisions. The main source of the difference is the approximate nature of coupling between vibrational energy mode and rotational energy modes of one or two collision partners, assumed in the present approach. The model predicts probabilities of single-quantum and multi-quantum vibrational-rotational transitions and is applicable up to very high collision energies and quantum numbers. Closed-form analytic expressions for these transition probabilities lend themselves to straightforward incorporation into DSMC nonequilibrium flow codes.
Future work will focus on taking into account coupling between vibrational and rotational energy modes of both colliding molecules and predicting state-specific rates of molecular dissociation from highly excited vibrational-rotational energy states. Also, detailed comparison with state-specific V-R-T databases for N 2 -N 18-21 and N 2 -N 2 , obtained using ab initio potential energy surfaces, is desirable. Although vibrational and rotational energy transfer at high collision temperatures is likely to be dominated by the repulsive part of the interaction potential, such as used in the present work, the role of atom exchange reactions at these conditions may well be significant, and needs to be quantified.
